ABSTRACT The gastrointestinal tract is the site for the uptake of nutrients from the external environment. We hypothesized that the antioxidant system in the intestinal tract has a vital protective role from the oxidative damage induced by oxidants in foods. The aim of this study was to investigate the development of the antioxidant system in the intestine of chickens. The activity and gene expression of the antioxidant enzymes superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-Px) and the content of the non-enzymatic substance glutathione (GSH) were measured in the duodenum, jejunum, and ileum of chickens at 1, 3, 7, 11, 14, 21, 35, and 42 d of age. The results showed that the small intestinal tract had relatively higher SOD activity and GSH concentration and lower CAT and GSH-Px activities, compared with those of other visceral organs. CAT and GSH-Px activities and GSH concentration showed a decreasing trend with age, whereas SOD activity was not significantly influenced by age. The gene expression of SOD1, SOD2, and GSH-Px7 showed a dramatic decrease from 3 d of age. The results indicated that SOD and GSH were highly expressed in the first week of age after hatching. To conclude, the results suggest that SOD and GSH play a vital protective role in the small intestine after hatching, which contributes to rapid development of the intestine.
INTRODUCTION
Aerobic metabolism produces reactive oxygen species (ROS) such as hydroxyl radicals, superoxide anions, and hydrogen peroxide. Antioxidant enzymes and antioxidant substances gently balance the production of ROS. Antioxidant enzyme system consists of superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-Px), whereas antioxidant substance system includes lipid-soluble and water-soluble antioxidants (Nordberg and Arnér, 2001; Surai, 2002; Patekar et al., 2013) . When the generation of ROS exceeds the scavenging capacity of the antioxidant system, oxidative stress occurs (Burton and Jauniaux, 2011; Surai and Fisinin, 2015; Sack et al., 2017) .
The maintenance of redox balance is important for the function of visceral organs such as kidney, liver, and heart (Nain et al., 2008; Wang et al., 2018) . As an important organ functions in food digestion and nutrient absorption, intestinal tract is also prone to suffering from oxidative damage by the oxidants in foods. The redox balance is vital for intestinal health (Circu and Aw, C 2012; Surai and Fisinin, 2015) . The intestinal epithelium is prone to oxidative damage induced by luminal oxidants (Circu and Aw, 2012) . For example, mycotoxins in feedstuff such as deoxynivalenol and zearalenone can induce oxidative stress on enterocytes (Kouadio et al., 2005; Diesing et al., 2011; Osselaere et al., 2013; Antonissen et al., 2015; Bich et al., 2015; Garbetta et al., 2015) . In poultry and other animals, oxidized fats or lipids in aged grains can trigger serious oxidative stress in the intestine (Ringseis et al., 2007; Wijeratne and Cuppett, 2007; Varady et al., 2011; Liang et al., 2015; Ye et al., 2016) . Long-term consumption of a highfat diet may influence the redox state of the intestine (Qiao et al., 2013) . Intestinal oxidative damage leads to a lack of vitamins (González et al., 2001; Shirpoor et al., 2007; Zontar et al., 2009; Singh and Marar, 2012) , minerals (Bodiga and Krishnapillai, 2007; Yu et al., 2015; Song et al., 2017) , and sulfur-containing amino acids (Shyntum et al., 2009; Hou et al., 2013; Altinoz et al., 2015) , resulting in severe stress. On the other hand, stress may cause oxidative damage to the intestine. Heat stress impairs the integrity and functions of the intestinal epithelial barrier (Marchini et al., 2011; Pearce et al., 2012 Pearce et al., , 2013a , at least partially as a result of oxidative damage (Yu et al., 2013; Liu et al., 2017) . Moreover, cold stress can also provoke physiological responses and enhance 664 energy consumption and ROS production (Blagojević, 2007; Blagojevic et al., 2011) , and decrease antioxidant capacity in the small intestine (Fu et al., 2013) . The correlations between multiple diseases and oxidative stress are interwoven. Oxidative stress plays an important role in triggering inflammatory disease, ischaemia and carcinogenesis (Thomson et al., 1998; Naito and Yoshikawa, 2011) . On the contrary, inflammatory cytokines and endotoxins can also induce oxidative stress on the intestine (Chamulitrat et al., 1996; Kim et al., 2012; Latorre et al., 2014; Palócz et al., 2016; Wu et al., 2016; Jiang et al., 2017) . The special characteristics of vascular anatomy and a convection oxygen delivery mechanism in the intestinal mucosa increase the likelihood of ischaemic anoxia under multiple stresses (Boros et al., 1995) , which in turn induce oxidative stress. Neonatal chicks face a sudden change from yolk nutrition to a plant source diet. Hence, we hypothesized that the antioxidant system in the intestinal tract is more important during the early growing stage.
In several studies, the distribution features of certain types of antioxidants in the intestine such as Vitamin E (VE), ascorbic acid (VC), and carotenoids have been examined (Mclean et al., 2005) . However, the developmental regularity and regulatory mechanisms of the post-hatch antioxidant system in the intestinal tract of broiler chickens remain to be elucidated. In the present study, the development of the antioxidant enzyme system and GSH abundance in the intestine of broilers with age were evaluated. The activity of antioxidant enzymes, GSH concentration, and gene expression in the small intestine of broilers were measured.
MATERIALS AND METHODS

Animal Ethics
The study was approved by the Ethics Committee of the Shandong Agricultural University and conducted in accordance with the "Guidelines for Experimental Animals" of the Ministry of Science and Technology (Beijing, P. R. China).
Experimental Animals
One-day-old broiler chicks (Arbor Acres) were obtained from a local hatchery (Dabao breeding Ltd., Taian, P. R. China) and housed in an environmentally controlled room. The brooding temperature was maintained at 35
• C for the first 2 d and then gradually decreased to 21
• C by day 21 and maintained as such thereafter. All chicks received a starter diet that contained 21% crude protein and 12.6 MJ/kg of metabolizable energy (50, Table 1 ). During the entire experimental period, the chickens had free access to feed and water. The light regimen was 23 L:1 D (5 lx), and the dark period was from 0:00 to 01:00 am (Zhao et al., 
2012)
. Eight chickens at approximate mean body weight were collected respectively at 1, 3, 7, 11, 14, 21, 35 , and 42 d of age. Chickens were sacrificed by exsanguination (Close et al., 1996) , and tissue samples of the small intestine, heart, liver, and kidney were obtained. After snap freezing in liquid nitrogen, the tissue samples were stored at −80
• C. The small intestines used for sections were fixed in 4% paraformaldehyde.
Antioxidant Enzyme Activity and Reduced Glutathione (GSH) Assays
Tissues of small intestine, liver, heart, and kidney were homogenized in cold PBS with a weight (g)-tovolume (mL) ratio of 1:9. The homogenate was centrifuged at 1,500 g at 4
• C for 10 min, and the supernatant was collected for subsequent measurements. The activities of SOD, CAT, and GSH-Px and the content of reduced glutathione (GSH) were detected withthe same batch of commercial kits (Jiancheng Biology Engineering Institute, Nanjing, China). Enhanced BCA protein assay kits (P0010, Beyotime Institute of Biotechnology, Jiangsu, China) were used to determine the protein concentration of the supernatant. Antioxidant enzyme activity and GSH content were corrected by the protein concentration. The results are expressed as U per mg protein or mg per g protein.
Immunohistochemical Analysis for Antioxidant Enzymes
The 5 μm thick transverse sections of paraformaldehyde-fixed, paraffin-embedded duodenum tissues were serially cut on a microtome and mounted onto APES-treated anti-off glass slides. For the antioxidant enzyme expression spots and abundance, manual immunostaining and the primary polyclonal rabbit anti-SOD1 (10,269-1-AP, Proteintech), anti-GSH-Px7 (13,501-1-AP, Proteintech) and secondary goat antibody HRP-labelled anti-rabbit immunoglobulin (2306, Beijing Zhongshan Jinqiao Biological Technology Co., Ltd., Beijing, China) were used for immunohistochemical staining. The sections were deparaffinized and rehydrated in a stepwise manner with decreasing concentrations of ethanol. Heat-mediated antigen retrieval was performed in a microwave oven using 10 mmol/L sodium citrate buffer (pH = 6) at high power 3 times at 5 min each, after which the sections were covered by 3% (v/v) H 2 O 2 in PBS at 37
• C to block the endogenous peroxidases. Nonspecific binding was blocked by skim milk in PBS for 1 h. The sections were covered by primary antibody working solution (antibody: diluent = 1:150) and transferred into an incubation box at 4
• C overnight. After a PBS wash, the secondary antibody working solution (antibody: diluent = 1:150) was applied to bind to primary antibody at 37
• C for 20 min. Following washing in PBS, freshly configured DAB (3, 3 -diaminobenzidine) was used to cover the sections for 3 min to visualize immunoreactions at room temperature. Next, the sections were counterstained with hematoxylin for 1 min and rapidly separated color by 1% (v/v) hydrochloric acid in ethanol. The sections were dehydrated in a stepwise manner with increasing concentrations of ethanol, cleared with xylene and mounted with Permount. The sections were viewed under a microscope (80i, Nikon, Tokyo, Japan).
Histochemical Analysis for GSH
The detection of GSH in duodenum sections was performed using monobromobimane (mBBr, 71,418-44-5, AAT Bioquest, Inc., USA) (Viviano et al., 2008; Pickard et al., 2009) . First, 0.5% Triton X-100 was used to permeate the cell membranes of duodenum sections for 20 min to facilitate the subsequent staining procedures. PI (propidium iodide) can dye RNA and DNA. Therefore, RNase A (CW0600, Beijing ComWin Biotech Co. Ltd., Beijing, China) was added to decompose the RNA of sections at 37
• C for 20 min. Then, 1 mg/L PI (C0080, Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) was used to stain the cell nuclei for 20 min at room temperature. After a PBS wash, the GSH in duodenum sections was labelled by 90 μmol/L mBBr dissolved into PBS for 20 min at room temperature. After rinsing with PBS, anti-fluorescence quenching agent was applied to seal the sections. The sections were observed with a high-resolution laser confocal microscope (LSM880 Airy scan, Carl Zeiss, Germany).
Gene Expression by SYBR Green RT-PCR
The mRNA expression levels of Nrf2 and the antioxidant enzyme-related genes SOD1, SOD2, CAT, GSHPx1, and GSH-Px7 in the duodenum were quantified using quantitative real-time PCR. Briefly, total RNA from tissues was extracted with Trizol (15,596-026, Invitrogen, San Diego, CA). The quantity and quality of the isolated RNA were measured by aspectrophotometer(Eppendorf, Germany) and agarose gel electrophoresis, respectively. Then, reverse transcription was conducted using commercial reverse transcription kits (0489,703,0001, Roche, Switzerland) in which the reaction system (20 μL) included 1,000 ng of total RNA. The cDNA was amplified in a 20 μL real-time PCR system using fast-start universal SYBR Green master (ROX) (0491,391,4001, Roche, Switzerland). The real-time PCR system contained diluent cDNA, SYBR green master mix, and 0.2 μmol/L each primer for the target gene. The primers used in this study were designed by Primer 5.0 software (Premier Biosoft International, Palo Alto, CA) and synthesized by Shanghai Sangon Biotechnology Company (Shanghai, China). The real-time PCR quantitative process was conducted on a Q5 Real-Time PCR System (Applied Biosystems, USA). The amplification consisted of pre-denaturation for 10 min, 40 cycles of denaturation at 95
• C for 15 s, annealing and extension at 60
• C for 1 min. A standard curve was plotted to calculate the efficiency of the primers. A dissociation curve was prepared to confirm the specificity of the reaction. The R 2 for each standard curve was greater than 0.98. The β-actin was amplified as a reference gene to normalize the differences in samples. Both the target gene and β-actin primer sequences are listed in Table 2 . The comparative CT method (2 −ΔΔCT ) was used to quantitate the mRNA relative expression levels .
Statistical Analysis
The results are expressed as the mean ± SE of measurements on tissues from 8 replicate broilers at eachdevelopmental stage. All data were subjected to one-way ANOVA analysis by using the Statistical Analysis Systems statistical software package (Version 8e, SAS Institute, Cary, NC, USA). When the main effect of the treatment was significant, the differences between means were assessed by Duncan's multiple range analysis. P < 0.05 was considered significantly different. 
RESULTS
Development of Small Intestinal Antioxidant System in Chickens
In general, the heart had the highest SOD activity compared with that of the intestine, liver,and kidney (P < 0.05, Figures 1A-1G ). In those same tissues, SOD activity fluctuated with age ( Figures 1H and 1I ). SOD activity in the duodenum, jejunum, and ileum was maintained at a relatively high level with age. The duodenum had relative the highest SOD activity at 3 d of age whereas had the lowest SOD activity at 21 d of age, compared with activity in the jejunum and ileum (P < 0.05, Figures 1B and 1F ). The abundance of SOD1 was rich in the mucous epithelium compared with that in the submucosa and muscular layers (Figures 2A and 2B ). Moreover, SOD1 was highly expressed in mature epithelial cells compared with the immature cells located in the crypt (Figures 2C-2E) .
Within the viscera tissues, compared with intestine, the liver and kidney had relative higher (P < 0.05) CAT activity, while the heart had relative lower CAT activity (P < 0.05, Figures 3A-3G ). In the small intestine, CAT activity was not significantly different (P > 0.05) among different segments except at 21 and 35 d of age. At 21 d of age, CAT activity was higher in the duodenum than that in the ileum ( Figure 3F ). By contrast, the jejunum had higher CAT activity compared to duodenum at 35 d of age (P < 0.05, Figure 3G) . CAT activity decreased with age during the period from 1 to 35 d of age in all tissues ( Figures 3H  and 3I ).
Before 11 d of age, GSH-Px activity in the heart, liver, and kidney was not significantly different (P > 0.05, Figures 4A-4D ). Thereafter, liver had the highest GSH-Px activity at 14 and 21 d of age (P < 0.05, Figures 4E and 4F ), while the heart had the highest GSH-Pxactivity at 35 d of age (P < 0.05, Figure 4G ). GSH-Px activity was relative higher in the ileum than in the duodenum and jejunum (P < 0.05, Figures 4A-4G ). The activity of GSH-Px showed a declining trend with age (P < 0.05) in all tissues ( Figures 4H and 4I ). The expression of GSH-Px7 was primarily detected in epithelial cells, particularly in cells near the top of the villus ( Figure 5 ).
The Concentration of GSH
Before 14 d of age, the duodenum and jejunum had higher GSH concentrations (P < 0.05) than those of the liver, heart, and kidney ( Figures 6A-6E ). At 35 d of age, the duodenum and jejunum had lower GSH concentrations compared to heart and liver (P < 0.05, Figure 6F ). By contrast, at 42 d of age, the duodenum had GSH content similar to that of heart and liver (P > 0.05), whereas the jejunum had a lower GSH level than that of heart or liver (P < 0.05, Figure 6G ). In the first 14 d, the small intestine had relative higher GSH content. Thereafter, the GSH content continuously decreased (P < 0.05, Figure 6H ). However, the GSH content in heart, liver, and kidney was reduced significantly after 3 d of age (P < 0.05), and kept relatively stable to 42 d of age (P > 0.05, Figure 6H ). The expression of GSH was detected in the entire intestinal tract, particularly in the intestinal villus epithelium (Figure 7 ).
Gene Expression of Antioxidant Enzymes in the Small Intestine
Compared with 3-d-old chickens, the mRNA levels of SOD1, SOD2, and GSH-Px7 in the duodenum, jejunum, and ileum were significantly lower at 11, 21, and 35 d of age ( Figures 8A, 8B, and 8E ). The expression of CAT mRNA in the duodenum and ileum was not influenced (P > 0.05) by age ( Figure 8C ). By contrast, the CAT mRNA level in the jejunum declined significantly at 11 and 35 d of age (P < 0.05, Figure 8C occurred in the jejunum at 21 d of age (P < 0.05, Figure 8D ). In the duodenum, the expression of Nrf2 mRNA was not influenced by age (P > 0.05, Figure 8E ). In the jejunum and ileum, Nrf2 was highly expressed at 3 and 11 d of age and then decreased from 21 d of age (P < 0.05, Figure 8E ).
DISCUSSION
In the present study, the relative expression of antioxidant enzymes in the small intestine and other visceral organs was evaluated in broilers. The results indicated that the small intestinal tract had higher SOD activity and GSH concentration and lower CAT and GSHPx activities than those of other visceral organs. CAT and GSH-Px activities and GSH concentration showed a decreasing trend with age, whereas SOD activity was not significantly influenced by age. The gene expression of SOD1, SOD2, and GSH-Px7 showed a dramatic decrease from 3 d of age. The results indicated that SOD and GSH were highly expressed in the first week of age after hatching, suggesting that SOD and GSH play a vital protective role in the small intestine after hatching, which contributes to the rapid development of the intestine.
Small Intestine Exhibited Relatively Higher SOD and Lower CAT and GSH-Px Activities
The abundance of the antioxidant enzyme system is tissue-specific (Yuan et al., 1996; Kaushik and Kaur, 2003; Xu et al., 2007) . In chicken embryos, the heart has the highest SOD activity (Surai, 1999) . By contrast, compared with other organs, the intestine has the lowest SOD activity in chicken embryos (Van Golde et al., 2010) . After hatching, the liver exhibits the highest SOD activity in chickens and in newborn mammals (Matkovics et al., 1977) , suggesting that the expression of antioxidant enzymes in chicken tissues is different from that in embryos. However, in contrast to the results of the previous study (Matkovics et al., 1977) , we detected the highest SOD activity in the heart and small intestine. Meanwhile, SOD activity was maintained at a high level in all measured tissues with age to 35 d. This result implies that SOD plays an important role in the antioxidant defence system of visceral organs.
In the present study, kidney and liver exhibited relatively higher CAT activity, compared with that in the intestine and heart, which is a result consistent with that of Matkovics et al. (1977) , who reported that CAT activity shows a certain parallelism with SOD activity and that the liver shows high CAT activity. In the chicken embryo, CAT activity in the liver and kidney is higher than that in the heart (Surai, 1999) . In adult chickens at 45 wk of age, the liver and kidney have higher CAT and GSH-Px activity than that of the heart (Öztürk-Ürek et al., 2001) . Hence, the results indicate that CAT contributes more to distinguish of peroxides in the liver and kidney but not in the small intestine.
Previous study shows that the liver, kidney, and brain of chickens and other vertebrates display no or only very low GSH-Px activity (Matkovics et al., 1977) . In line with the previous work, the present study showed that all the visceral organs exhibited relatively higher GSH-Px activity until 3 d of age and had lower activity thereafter, suggesting that GSH-Px may play an important role in the first few days after hatching. Consistent with previous results in chickens (Öztürk-Ürek et al., 2001) , chicken embryos (Yang et al., 2018) , and swines (Daun andÅkesson, 2004) , GSH-Px activity in the liver was higher than that in the heart and kidney. Compared with the liver, the small intestine exhibited lower GSH-Px activity, consistent with results in rats that GSH-Px activity in the mucosa of the intestine is much lower than that in the liver (Siegers et al., 1988) . Taken together, the results suggest that SOD plays a major role in the antioxidant enzyme system of the intestinal tract.
The gene expression of antioxidant enzymes was further evaluated. The results showed that a sudden decrease occurs in SOD1, SOD2, and GSH-Px7 mRNA levels at 11 d of age in the entire small intestinal tract. After hatching, dramatic changes occur in the size, morphology, and function of the intestine (Noy et al., 1996; David, 2001; Yadav et al., 2010) . The relative weight of the small intestine peaks at approximately 7 d of age (Sell et al., 1991; Noy and Sklan, 1998; Iji et al., 2001; Lilburn and Loeffler, 2015) . The villi number increases by branching and fission and reaches the maximum at 7 d of age (Geyra et al., 2001 ). Hence, the decrease in gene expression at 11 d of age might be a result of the end of rapid development.
Sites of Antioxidant Enzyme Expression in the Intestine
Proteins SOD1 and GSH-Px7 encoded by the genes SOD1 and GSH-PX7, respectively, were found primarily around basement membranes and apical membranes in mature epithelial cells. SOD1 and SOD2 in the gut of humans are also predominantly expressed in intestinal epithelial cells (Kruidenier et al., 2003) . Similar to the present study, se-dependent GSH-Px1-4 is expressed in the gastrointestinal mucosa and is distributed along the intestinal tube (Ogasawara et al., 1985; Tauchi et al., 1991; Tham et al., 1998; Wingler et al., 1999) . GSH-Px1 and GSH-Px2 are expressed along the intestinal epithelium, and GSH-Px3 is expressed in the gastrointestinal tract and plasma and binds to the basement membranes of intestinal epithelial cells (Chu and Esworthy, 1995; Chu et al., 2004) . For the seindependent GSH-Px, few reports on GSH-Px7 relatedsites are available. Some researchers suggest that crypt epithelial cells are better protected against oxidative damage than the villi in rats because crypt epithelial cells show 2-to 3-fold increases in GSH-Px activity and 3-to 5-fold increases in CAT activity vs. activities in the villi (Barrett et al., 2013; Pérez et al., 2017) . In this trial, the change in protein GSH-Px7 showed the opposite trend. The protein expression of other types of GSH-Px and CAT in the intestine of chickens requires further study.
Small Intestine is Rich in GSH Content
GSH is an important antioxidant widely distributed among living cells and body fluids (Kerio et al., 2011) . In mammals and fish, the liver is the primary site of GSH synthesis and organ for storage (Lu, 2000; Ojopagogo et al., 2013) . The intestine is considered a major consumer of GSH, supplied by hepatic GSH (Wu et al., 2004; Coutinho et al., 2016) . In line with previous studies, in the present study, the liver and heart had higher GSH concentrations than that of the kidney. Compared with the liver and heart, however, the small intestine had higher GSH concentrations to 14 d of age, suggesting that GSH had an important protective effect in the small intestine during the rapid development period. The histochemical results indicated that GSH was distributed in mucosa, submucosa, and muscle layers. In the mucosa, GSH was primarily in the enterocytes of villi. Moreover, the level of GSH had a trend of decrease with the extension from proximal to distal part with age in the small intestinal tract, implying that GSH played a less important role in the distal part of the small intestine. In small intestine, the GSH content decreased remarkably with the age increasing after 3 d of age, which was in line with the development trend of GSH-Px activity and GSH-Px7 mRNA expression. The result furtherly indicated that the protective effect of GSH decreased with age in broiler chickens.
To conclude, the results of this study suggest that SOD and GSH have a critical protective role in the small intestine during the initial period after hatching, which contributes to the rapid development of the intestine.
